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transmission	in	these	ecological	settings	differ	in	ways	that	are	not	captured	by R0 ? 	489	
One	way	to	fuse	the	quantitative	methodology	of	the	Ross‐Macdonald	model	with	the	490	
qualitative	view	adopted	by	Hackett	and	others	is	to	build	models	that	identify	the	basic	491	
components,	which	will	likely	include	many	parts	of	the	formula	for	vectorial	capacity.	492	
What	merits	more	attention	is	a	systematic	way	of	looking	at	the	way	complexity	arises	493	
from	the	way	the	pieces	fit	together.	The	fundamental	questions	are	about	heterogeneity	in	494	
transmission	and	the	biology	that	underlies	highly	local	and	focal	transmission;	i.e.,	poorly	495	
mixed	populations.	Just	as	the	theory	of	sexually	transmitted	pathogens	successfully	recast	496	
itself	around	the	concept	of	heterogeneity	in	numbers	of	sexual	partners	and	sexual	contact	497	
networks	in	network	models,	so	too	must	the	mathematical	theory	for	mosquito‐borne	498	
pathogens	recast	itself	around	the	underlying	biology	if	we	are	to	understand	and	quantify	499	
how	ecological	and	social	contexts	affect	MBPT	dynamics	and	disease	control.	500	
A	useful	concept	around	which	the	theory	of	MBPT	can	be	recast	is	that	of	key	501	
epidemiological	encounters	(Fig.	3).	It	is	well	known	that	the	key	encounter	for	mosquito‐502	
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borne	pathogens	is	the	blood	meal,	but	the	spatial	context	for	these	encounters	has	not	503	
been	carefully	examined	mathematically.	The	number,	timing,	and	intensity	of	encounters	504	
are	largely	a	function	of	how	many	mosquitoes	emerge	from	aquatic	environments	located	505	
near	areas	where	hosts	spend	time.	The	dynamics	of	larval	mosquitoes	in	aquatic	506	
environments	are	complex	and	poorly	understood,	depending	on	habitat	selection	by	egg‐507	
laying	adults,	biotic	and	abiotic	drivers	of	developmental	success,	and	how	and	the	extent	508	
to	which	density‐dependent	mortality	operates.	Following	emergence	from	these	509	
environments,	adult	female	mosquitoes	undergo	flights	for	nectar	feeding	and	mating	and	510	
then	an	appetitive	search	to	find	a	blood	meal	host,	a	short	flight	laden	with	blood	to	find	a	511	
place	to	rest,	a	search	to	find	a	suitable	aquatic	habitat	for	egg	laying,	and	then	a	repeated	512	
appetitive	quest	to	find	another	blood	meal	host	(101).	Given	that	the	mobility	of	513	
mosquitoes	is	on	average	somewhat	limited,	locations	where	blood	feeding	occurs	must	be	514	
close	to	other	resources	such	as	aquatic	habitat	and	resting	sites.	Mosquitoes	may	exercise	515	
choice	among	locations	for	host	seeking	and	among	individual	hosts	(102)	for	blood	516	
feeding	based	on	their	attributes,	including	CO2	emission,	odors	(103),	body	size	(104,	517	
105),	type	of	clothing	worn,	and	other	factors	including	elevation,	the	overall	diversity	of	518	
the	vertebrate	host	community	(92),	and	home,	nest,	or	habitat	type.	It	is	also	important	to	519	
bear	in	mind	that	hosts	are	also	heterogeneously	distributed	in	the	environment	and	are	520	
moving	targets	(106),	and	that	hosts	can	exhibit	defensive	or	avoidance	behavior,	possibly	521	
in	response	to	increased	biting	by	mosquitoes	(107).	The	risk	of	hosts	being	bitten	is	a	522	
function	of	where	and	at	what	time	of	day	they	frequent	locations	in	which	mosquitoes	are	523	
searching	for	blood	meals.	524	
Mosquito	biology	including	the	search	for	egg‐laying	sites	and	blood	feeding	strategies	thus	525	
emerge	as	important	elements	in	a	new	theory	that	affect	transmission	as	much	as	blood	526	
feeding	behavior.	Mosquito	strategies	can	range	from	active	questing	at	night	over	fairly	527	
long	distances,	such	as	by	Culex	in	agro‐ecosystems,	to	stationary	ambush	feeding	where	528	
species	such	as	Ae.	aegypti	or	Ae.	albopictus	wait	in	protected	areas	until	the	host	arrives.	529	
Similarly,	the	patterns	of	human	activity	and	mobility	in	relation	to	these	vector	search	and	530	
feeding	strategies	are	of	great	importance	for	understanding	transmission.	Recent	evidence	531	
suggests	that	human	social	networks	are	just	as	important	for	transmission	within	cities	as	532	
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mosquito	ecology	(108),	and	that	movement	networks	are	a	critical	element	of	533	
transmission	within	and	among	countries	(109,	110).	Similar	problems	arise	in	the	study	of	534	
complex	transmission	dynamics	involving	many	vectors	and	many	vertebrate	hosts	where	535	
contact	networks	must	contend	with	the	problems	of	territoriality,	seasonal	migration,	536	
aggregation	around	resources,	and	group	social	structure.	In	addition	to	defining	the	537	
context	for	key	encounters,	movement	of	mosquitoes	and	hosts	at	times	when	mosquitoes	538	
are	actively	feeding	jointly	govern	how	pathogens	spread	during	an	outbreak	and	persist	539	
over	time.	There	is	an	urgent	need	to	improve	the	methods	for	using	data	describing	540	
mosquito	and	vertebrate	host	mobility	to	understand	pathogen	transmission	dynamics	and	541	
persistence	across	scales	for	pathogens	as	different	as	chikungunya,	dengue,	malaria,	and	542	
filariasis.	543	
A	closely	related	core	concern	is	that	statistical	theory	must	also	be	developed	to	inform	544	
the	spatial	scales	at	which	the	metrics	can	be	used	to	estimate	transmission	in	models	or	to	545	
define	appropriate	sampling	frames.	The	methodology	used	to	analyze	transmission	546	
metrics	has	improved	substantially	since	1970,	but	like	transmission	models,	there	has	547	
been	very	little	progress	in	the	basic	metrology	or	in	relating	those	metrics	to	transmission	548	
or	control.	In	particular,	the	metrics	themselves	have	been	poorly	validated,	and	the	549	
sampling	properties	of	the	metrics	(i.e.,	bias	and	measurement	errors)	remain	poorly	550	
defined.	551	
Concerns	about	the	statistical	properties	of	the	metrics	are	not	just	hypothetical.	The	552	
processes	of	setting	coverage	targets	to	meet	national	goals,	of	evaluating	the	impact	of	553	
mass	interventions,	of	designing	trials	for	interventions	that	reduce	transmission,	or	of	554	
understanding	transmission	rely	on	data	describing	the	intensity	and	scale	of	transmission.	555	
The	challenge	is	that	transmission	of	mosquito‐borne	pathogens	is	likely	heterogeneous	at	556	
every	scale.	In	such	an	environment,	what	is	the	appropriate	sampling	frame	for	measuring	557	
transmission?	Having	a	good	metric	is	often	the	rate‐limiting	step	for	inference,	so	the	558	
practical	way	forward	is	to	develop	theory	around	the	metrics.	What	windows	of	space	and	559	
time	are	valid	for	the	selected	metrics?	560	
If	dispersion	and	the	number	of	hosts	in	the	neighborhood	limits	transmission,	rather	than	561	
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vectorial	capacity,	then	thresholds	on	the	coverage	of	vaccines,	drugs,	and	other	host‐based	562	
interventions	may	not	scale	linearly	with	vectorial	capacity.	What	remains	unknown,	and	is	563	
highly	relevant	for	understanding	transmission	dynamics,	is	what	happens	to	transmission	564	
as	locally	available	hosts	become	saturated.	It	may	be	that,	despite	the	nonlinearities	in	565	
transmission	caused	by	heterogeneous	biting	and	local	transmission,	vectorial‐capacity‐566	
based	estimates	of	 R0 	are	still	relevant	in	an	analysis	of	vector‐based	coverage	levels	and	567	
thresholds	to	eliminate	a	pathogen	from	an	area.	What	may	also	be	true	is	that	the	568	
thresholds	may	scale	differently	for	different	modes	of	control	depending	on	the	context.	569	
What	is	needed	now	is	a	new	approach	to	measuring	and	modeling	these	aspects	of	570	
transmission	that	can	lay	the	foundations	for	an	improved	understanding	of	MBPT	571	
dynamics	and	control.	572	
Conclusions 573	
The	Ross‐Macdonald	theory	established	a	critically	important	framework	for	the	study	of	574	
infectious	diseases,	and	it	has	matured	substantially	over	the	past	century.	The	central	idea	575	
is	based	on	the	notion	of	transmission	intensity,	which	is	implicit	in	Macdonald’s	formula	576	
for R0 .	There	are	good	reasons	to	continue	to	use	this	approach,	while	also	carefully	577	
questioning	its	many	simplifying	assumptions.	The	question	is	not	whether	 R0 	and	578	
accompanying	theory	is	wrong.	All	models	make	simplifying	assumptions,	all	scientific	579	
inference	is	based	on	some	kind	of	model	(i.e.,	including	statistical	models	and	all	kinds	of	580	
conceptual	models),	and	simple	models	are	often	exceedingly	useful.	The	issue	is	whether	581	
the	omission	of	certain	biological	features	undermines	the	application	of	the	model.	In	this	582	
case,	does	including	heterogeneous	transmission	improve	conclusions	based	on	 R0 	and	583	
predictions	about	the	effective	control	of	mosquito‐borne	diseases?	584	
The	observation	that	most	heterogeneity	in	transmission	shares	a	common	spatial	585	
dimension	begs	for	the	development	of	a	spatially	rich	theory	that	can	accommodate	the	586	
limited	movement	of	individual	mosquitoes	and	hosts	in	variable	and	sparsely	or	densely	587	
populated	landscapes.	Movement	is	especially	critical	for	arboviruses	and	other	strongly	588	
immunizing	infections	where	host	populations	become	progressively	immune	and	the	589	
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number	of	susceptible	hosts	can	be	depleted.	Similar	issues	will	likely	affect	other	590	
pathogens,	as	well.	General	theory,	however,	remains	tethered	to	the	core	assumptions	and	591	
non‐spatial	structure	of	the	Ross‐Macdonald	model. 592	
Analytical	insights	from	theory	developed	for	directly	transmitted	pathogens	may	be	593	
required	to	guide	the	development	of	detailed	simulations,	to	identify	priorities	for	field	594	
research,	and	ultimately	to	guide	the	design	of	policy.	The	seeds	of	the	new	generation	of	595	
theory	that	we	call	for	have	been	sown	by	models	of	mosquito‐borne	pathogens	(3,	34,	45,	596	
47,	63,	92‐96),	but	the	continued	development,	investigation,	and	widespread	adoption	of	597	
such	approaches	and	connection	with	the	underlying	biology	have	not	yet	been	fully	598	
realized.	Advances	in	theory	developed	for	directly	transmitted	pathogens,	including	599	
theory	describing	poor	mixing	and	networks,	have	not	yet	been	incorporated	into	the	600	
theory	for	mosquito‐borne	pathogens.	The	concepts	of	networks	and	social	distance	have	601	
long	been	ignored,	but	there	is	now	evidence	of	their	importance	for	MBPT	(108).	602	
Development	of	a	rich	theoretical	perspective	on	networks,	motivated	by	the	biology	of	603	
mosquitoes	and	their	hosts,	would	be	a	valuable	addition	to	mosquito‐borne	pathogen	604	
theory. 605	
The	success	of	any	new	theory	will	be	measured	by	its	utility	in	specific	contexts	and	by	its	606	
ability	to	inform	decisions	weighing	the	impacts	of	various	modes	of	control	against	their	607	
costs.	Ross‐Macdonald	theory	provides	specific	advice	about	the	likely	effects	of	drugs,	608	
vaccines,	and	mosquito	control	on	pathogen	transmission,	and	Macdonald’s	formula	for R0 	609	
is	highly	compelling	and	frequently	used.	On	the	other	hand,	it	is	difficult	to	place	610	
confidence	in	this	kind	of	advice	when	tests	of	the	theory	continue	to	expose	inadequacies.	611	
Should	such	a	theory	be	used	to	determine	how	finite	global	resources	are	allocated?	For	612	
example,	should	resources	be	diverted	to	contain	artemisinin‐resistant	Plasmodium	613	
falciparum	before	it	spreads	beyond	Southeast	Asia?	How	should	resources	be	reallocated	614	
in	light	of	knowledge	of	the	distribution	of	pyrethroid-resistant	Anopheles	gambiae	in	615	
Africa	and	elsewhere?	How	could	a	new	vaccine	against	malaria	or	dengue	be	most	616	
effectively	deployed,	and	should	resources	be	diverted	from	existing	mosquito	control	617	
programs	to	do	so?	Is	pathogen	elimination	the	optimal	strategy	for	a	country,	and	if	so,	on	618	
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what	time	frame?	How	can	limited	resources	be	best	used	to	detect	and	respond	to	an	619	
introduced	exotic	pathogen	(e.g.,	Rift	Valley	fever	virus)?	Some	sort	of	model	will	be	used	to	620	
answer	all	of	these	questions,	but	only	models	that	address	the	unexplored	topics	identified	621	
herein	can	accurately	weigh	costs	against	benefits	across	different	scales	of	transmission	622	
intensity	and	levels	of	investment.	No	single	approach	is	likely	to	be	optimal	for	every	623	
question,	so	a	hierarchy	of	models	and	modeling	approaches	is	needed	to	identify	624	
priorities,	which	will	subsequently	require	empirical	validation.	Given	the	inherent	625	
uncertainties,	the	best	way	to	achieve	a	robust	policy	recommendation	is	through	the	626	
comparison	of	multiple,	independently	derived	models. 627	
Advancing	the	theory	of	mosquito‐borne	pathogen	transmission	requires	a	new	synthesis	628	
that	realistically	acknowledges	the	ecological	context	of	mosquito	blood	feeding	and	its	629	
quantitative	impact	on	transmission.	Specific	objectives	should	be	to	develop	new	models	630	
that	provide	guidance	about	which	details	are	most	relevant	for	increased	understanding	of	631	
transmission	dynamics	and	what	types	of	interdisciplinary	collaborations	are	necessary	to	632	
make	those	advancements.	These	must	be	rigorously	linked	to	field	studies	and	extensive	633	
data	on	transmission	metrics	that	has	already	been	generated,	but	there	is	also	a	need	to	634	
develop	new	theory	exploring	mosquito	ecology	and	behavior,	mosquito	and	vertebrate	635	
host	movement,	spatial	heterogeneity	in	complex	epidemiological	landscapes,	and	the	way	636	
those	factors	lead	to	key	epidemiological	encounters.	These	are	among	the	most	promising	637	
frontiers	with	potential	for	high	impact	in	mosquito‐borne	disease	modeling	research	and	638	
its	application	in	disease	prevention. 639	
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en	enfermedades	transmitidas	por	vectores.	Entomotropica	2004;19(3):113‐134.	947	
98.	 Hackett	LW.	Malaria	in	Europe;	An	Ecological	Study.	London:	Oxford	948	
university	press,	H.	Milford,	1937.	949	
99.	 Nájera	JA,	Liese	B,	Hammer	JS.	Malaria:	new	patterns	and	perspectives.	950	
Washington,	D.C.:	World	Bank,	1992.	951	
100.	 Macdonald	G;	The	analysis	of	malaria	epidemics.	Trop	Dis	Bull	952	
1953;50(10):871‐89.	953	
101.	 Service	MW;	Mosquito	(Diptera:	Culicidae)	Dispersal—The	Long	and	Short	of	954	
It.	J	Med	Entomol	1997;34(6):579‐588.	955	
102.	 Knols	BG,	de	Jong	R,	Takken	W;	Differential	attractiveness	of	isolated	humans	956	
to	mosquitoes	in	Tanzania.	Trans	R	Soc	Trop	Med	Hyg	1995;89(6):604‐6.	957	
103.	 Takken	W,	Knols	BGJ;	Odor‐mediated	behavior	of	Afrotropical	malaria	958	
mosquitoes.	Annual	Reviews	of	Entomology	1999;44:131‐157.	959	
	 31
104.	 Port	GR,	Boreham	PFL,	Bryan	JH;	The	relationship	of	host	size	to	feeding	by	960	
mosquitoes	of	the	Anopheles	gambiae	giles	complex	(Diptera:	Culicidae).	Bull	961	
Entomological	Res	1980;70:133‐144.	962	
105.	 Carnevale	P,	Frezil	JL,	Bosseno	MF,	et	al.;	[The	aggressiveness	of	Anopheles	963	
gambiae	A	in	relation	to	the	age	and	sex	of	the	human	subjects].	Bull	World	Health	964	
Organ	1978;56(1):147‐54.	965	
106.	 Stoddard	ST,	Morrison	AC,	Vazquez‐Prokopec	GM,	et	al.;	The	role	of	human	966	
movement	in	the	transmission	of	vector‐borne	pathogens.	PLoS	Negl	Trop	Dis	967	
2009;3(7):e481.	doi:	10.1371/journal.pntd.0000481.	968	
107.	 Thomson	MC,	D'Alessandro	U,	Bennett	S,	et	al.;	Malaria	prevalence	is	969	
inversely	related	to	vector	density	in	The	Gambia,	West	Africa.	Trans	R	Soc	Trop	Med	970	
Hyg	1994;88(6):638‐43.	971	
108.	 Stoddard	ST,	Forshey	BM,	Morrison	AC,	et	al.;	House‐to‐house	human	972	
movement	drives	dengue	virus	transmission.	Proc	Natl	Acad	Sci	U	S	A	973	
2013;110(3):994‐9.	doi:	10.1073/pnas.1213349110.	974	
109.	 Tatem	AJ,	Smith	DL;	International	population	movements	and	regional	975	
Plasmodium	falciparum	malaria	elimination	strategies.	Proc	Natl	Acad	Sci	U	S	A	976	
2010;107(27):12222‐7.	doi:	1002971107	[pii]	977	
10.1073/pnas.1002971107.	978	
110.	 Wesolowski	A,	Eagle	N,	Tatem	AJ,	et	al.;	Quantifying	the	impact	of	human	979	
mobility	on	malaria.	Science	2012;338(6104):267‐70.	doi:	980	
10.1126/science.1223467.	981	
	982	
	983	
